Evaluation of optimal analysis, design and testing of electromagnetic shunt damper for vibration control of a civil structure by Ao, WK & Reynolds, P
Received 13 October 2018; Revised 13 October 2018; Accepted 13 October 2018
DOI: xxx/xxxx
STRUCTURAL CONTROL AND HEALTHMONITORING1
Evaluation of optimal analysis, design and testing of2
electromagnetic shunt damper for vibration control of a civil3
structure†4
Wai Kei Ao*1 | Paul Reynolds25
1Vibration Engineering Section, College of
Engineering, Mathematics and Physical
Sciences, University of Exeter, Exeter,
United Kingdom
2Vibration Engineering Section, College of
Engineering, Mathematics and Physical
Sciences, University of Exeter, Exeter,
United Kingdom
Correspondence
*Wai Kei Ao Email: wka203@exeter.ac.uk
Present Address
North Park Road, Exeter EX4 4QF, UK.
Summary
The current study is to find out alternative damping to provide satisfactory vibra-
tion suppression performance in civil engineering. Accordingly, electromagnetic
actuators and electromagnetic dampers (EMDs) are utilised to generate electromag-
netic damping. For further discussion on control of vibration serviceability problem
in civil structure, the use of a linear voice coil motor (LVCM) as an EMD is
implemented to attenuate unwanted vibration.
To induce appropriate electromagnetic damping the terminal ends of the LVCMneed
to connect with shunt circuits. The basic resistor series circuit and resistor, induc-
tor and capacitor (RLC) oscillating circuit are employed to connect to the LVCM
in term of enhancing the EMD damping. However, a design of the electromagnetic
shunt damper (EMSD) is required with the generic H∞ and H2 robust optimisa-
tion techniques to determine shunt circuit components, in which the results of these
optimisations were discussed on the previous author study.
For extending the EMSD study, the resulting EMSD is experimentally exploited to
a six-storey aluminium frame structure. The random and harmonic excitations are
selected to input to the structure to examine the performance of the electromag-
netic damping. The finding of the experimental test of the EMSD gives satisfactory
vibration suppression performance.
KEYWORDS:
Tuned mass damper (TMD), Electromagnetic damper (EMD), Electromagnetic shunt damper (EMSD),
RLC resonant circuit,H∞ optimisation,H2 optimisation, Nonlinearity
6
1 INTRODUCTION7
Use of electromagnetic dampers (EMDs) to generate electromagnetic force or damping is based on electromagnetic induction8
theory. EMDs can be used for vibration suppression and are widely utilised in mechanical systems and railway braking sys-9
tems. Eddy current damping has also been successfully used in suppressing unwanted vibration. However, in civil engineering10
structures, it has been common to usemore traditional dampers such as viscous dampers (VDs) and tunedmass dampers (TMDs).11
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0Abbreviations: EMD, electromagnetic damper; EMSD, electromagnetic shunt damper; LVCM, linear voice coil motor; VD, viscous damper; TMD, tuned mass
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A VD provides additional passive damping to a structure and hence reduces the amplitude of the dynamic response. Also, a12
TMD can be used for passive vibration control by adding an additional SDOF system (mass, stiffness, damping) to the primary13
structure. A TMD is designed to split a high magnitude resonant peak in the system FRF down to two lower peaks. A larger14
mass ratio can achieve better vibration mitigation, but in practice a mass ratio greater than 5 % is hard to achieve. In this study,15
an EMD is selected as an alternative to a TMD to overcome these challenges.16
The fundamental electromagnetic damping concept of EMDs was proposed by [7, 6] and electromagnetic damping was pre-17
sented in a passive manner to provide equivalent damping. A shunt impedance circuit was used in series with the EMD, to18
provide good electromagnetic shunt damping to the mass spring damper system. After this simple passive control, [19, 20] pro-19
posed and created an electromagnetic transducer for performing passive and advanced active robust control. The electromagnetic20
transducer acts as an EMD, constructed using two electromagnetic coils, to reduce the vibration problem in the host structure.21
A flexible aluminium cantilever beam was studied by [11]. An electromagnetic shunt damper (EMSD) was passively sus-22
pended from the end of the beam to reduce vibration, and an RC resonant shunt circuit was connected in series with the EMD.23
An experiment by [26] used a capacitor inductor circuit and a negative resistor capacitor inductor circuit to attenuate the dis-24
turbance of the cantilever beam. Another study by [25, 10] used an RLC resonant shunt circuit to achieve vibration suppression25
of the flexible cantilever beam. Otherwise, for creating broadband damping, [36, 35] proposed negative impedance shunts and26
negative inductance negative impedance to improve the damping effect of electromagnetic shunt damping.27
An electromagnetic voice coil motor was adopted to connect resistor-capacitor (RC) resonant shunt circuit and performed28
active control [22, 23]. The proper controller design was implemented by relevant optimal circuit components tuning, which29
could provide broadband controllable shunt stiffness and damping to mitigate the undesirable disturbance. This type of actively30
EMSD can achieve as similar as dynamic behaviour of a TMD. The EMSD feature can separate a modal peak into two lower31
peaks at lower and higher frequencies.32
Paper [38] installed a mass-spring-damper on the main structure and implemented a numerical study, while the damping33
component was provided by EMDwith resistor-inductor-capacitor (RLC) shunt circuit. The decentralizedH2 robustness control34
was utilised to select optimal circuit components and tuned the coupling coefficient of the EMSD. A mathematical model was35
employed and verified the TMDwith EMSD could have series TMD dynamic performance as well as provide passively vibration36
suppression and energy harvesting objective. Paper [16] used an electromagnetic transducer (piezoelectric transducer) with a37
resistor-inductor (RI) shunt circuit as an energy harvester and connected to a mass-spring-damper system. The base and force38
excitation were driving to the system. Once varying the value of shunt impedance, the effect of electromagnetic coupling was39
varied and achieved different levels of electrical power harvested as well as facilitated vibration attenuation.40
An active electromagnetic vibration absorber was developed to achieve energy recovery and frequency tuning objective [21].41
The mechanism of the system was chosen electromagnetic transducer and series shunt RLC circuits. The selected capacitor and42
inductor were given wideband frequency range returning and shifting, which could achieve tuned and harvested the electrical43
power and reduced maximum displacement of the host structure. Also, a passive vibration absorber with eddy current damping44
was applied to perform vibration suppression numerically and experimentally [5]. The optimal damping design could increase45
the system damping and induced the dynamic feature of the absorber as a TMD, which did not require any external energy46
source to change the absorber device.47
A brushless DC machine was adopted as a force actuator to apply in the civil engineering for structural response reduction48
[29]. The concept was to convert mechanical energy (linear force and velocity external input) to electrical energy (electric motor)49
via linear rotational conversation system (gear reducer and ball-screw mechanism). The terminal of the motor was collected to50
active and semiactive circuitry to achieve a controllable damping coefficient. Based on the findings from this study, Scruggs51
et al. [30, 31] extended the work and proposed regenerative force actuation (RFA) networks, which was groups of electromag-52
netic force actuators. The RFA was required minimal external power. The idea of the group of actuators was to share power. It53
means that one device was used to remove vibrating energy at one location of the structure and re-inject some that of energy54
back into the structure at a different location from other actuators. The excessive removal energy from the vibrating structure55
was dissipated through the electrical resistor bank. This generalised model of the RFA was numerically applied to a three-storey56
scale model building under the seismic excitation. It is shown that this type of energy recover actuation networks could improve57
overall structural dynamic performance.58
A numerical study of passive electromagnetic shock absorbers (linear displacement motors) implemented to a building for59
mitigating the unexpected disturbance [27, 28]. The motor was connected to each level in the horizontal direction, in which the60
terminal of the motor connected with different impedance shunt circuits. The activated linear displacement motor converted the61
mechanical energy to electrical energy via electromagnetic coupling effect and then induced electromagnetic force (damping62
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force), which was the negative direction of the motion. Based on several case studies, the dynamic feature of the passive elec-63
tromagnetic shock absorber with impedance shunt circuit was the same or beyond a VD when the proper impedance connected.64
Paper [8] was selected a back-driven ball screw electromagnetic transducer with a permanent magnet synchronous machine for65
large-scale energy harvesting application of vibrating structures. A TMD device was selected to connect to the transducer when66
the TMD was vibrating that vibratory energy from the main structure (e.g. multistory buildings and bridges) transformed to67
TMD, and then the transducer would simultaneously activate and could harvest. The energy harvested from the vibration energy68
was numerically and experimentally verified, which could potentially use for powering wireless sensing and provide the power69
for the semi-active control device. Another type of ball screw rotating internal mass electromagnetic damper was developed to70
provide seismic resistance of a three-storey shaking table test [24]. The ball screw passively converted the axial oscillation of71
the rod end into rotational motion via an internal flywheel and activated inertial power generator. The terminal of the generator72
connected to a resistor; therefore, the inertial force and the electromagnetic damping force could be generated semi-actively.73
Using the forces could successfully control the dynamic response of each level.74
In previous studies by [37] and [2, 3], the authors examined an EMD connected in series with an RLC resonant circuit. The75
dynamic response is analogous with an equivalent TMD. Zhu et al. [37] discussed H∞ optimisation design, whereas [2, 3]76
included both H∞ and H2 robust optimisation control design methods. This study extends the work of those papers and uses77
the in findings for application to a laboratory scale structure to evaluate this damper design methodology.78
The first section of this paper discusses the motivation behind this study including the merits and demerits of traditional79
dampers in comparison with electromagnetic dampers. The second section briefly reviews TMD theory including the H∞ and80
H2 robust optimisation designs. The next section discusses the behaviour of an EMD connected with a basic shunt circuit and81
covers the dynamic characteristics of the EMSD. The fourth section introduces the moment-resisting frame and data acquisition82
system used for the practical study of an EMSD, includingmodal testing, EMSD application and performance evaluation. Finally,83
the last section summarises the results of the EMSD study and gives recommendations for further work.84
2 CONVENTIONAL PASSIVE DAMPING TECHNOLOGIES85
2.1 Viscous dampers (VDs)86
The equation of motion of mechanical system can be expressed as mass-spring-damper model. To improve the behaviour of the87
system, these three components can be used to adjust in terms of achieving a better dynamic performance. One of the solution88
is to use a passive liquid viscous damper increasing the system damping [33, 9]. A linear liquid viscous damper is shown in89
Figure 1 a, which is commonly used in civil engineering. The use of this damper can provide a proper damping force without90
any additional stiffening effect (storage stiffness).91
(a) Photo of linear fluid viscous damper (b) Hysteresis loop of VDs
FIGURE 1 Photo of viscous damper and hysteresis loop demonstration [4]
The damping force of liquid viscous dampers is related to the relative velocity, which is given by:92
FD = C|u̇|
sgn(u̇) (1)
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where FD is a damping force of VDs. C is a damping coefficient of VDs. u̇ is a relative velocity of piston movement.  is a93
nonlinear coefficient. sgn(u̇) is a sign convention depending on the velocity. When u̇ ≥ 0, then sgn(u̇) = +1. Whilst, u̇ < 0, then94
sgn(u̇) = −1.95
Figure 1 b is a hysteresis loop demonstration picking 1.5Hz with different displacement control. The shape of the hysteresis96
loop is closed to ellipse shape, which can be shown that VDs has no storage stiffness.97
In the design process, FEMA (Federal Emergency Management Agency) in October 1997 published FEMA273 and 274 of98
the NEHRP (National Earthquake Hazard Reduction Program) specification [18, 17]. They were written to discuss and specify99
passive devices for reduction of structural response. The effective damping ratio estimation formula was also proposed from100
FEMA 273, which is given by:101










where T is the first mode period of the system, mi is the mass of the itℎ degree of freedom, i is the displacement of the itℎ102
degree of freedom of the first vibration mode, rj is horizontal relative displacement of the jtℎ device at the first vibration mode103
and j is the horizontal inclined angle of the jtℎ installed damper device.104
2.2 Tuned mass dampers (TMDs)105
Over the last two decades, tuned mass dampers have been used in many studies and applications in civil engineering. The benefit106
of using TMDs is consisting of a simple components: mass source, stiffness and dashpot. Using these three main components107
alongside proper design methods, the TMDs can deal with plenty of unexpected disturbance. The mechanics of TMDs can108
represent a two degrees of freedom system in horizontal direction as seen in Figure 2 .109
m1
2
1 1 1k m
1 1 1 12c m 
2 2
2 1 2k f m
2 2 1 22c fm  2 1m m
(TMD)
 
FIGURE 2 Tuned mass damper demostration in horizontal direction [4]
The main system in Figure 2 represents the original structure, like a moment resisting frame (MRF). The additional mass110
m2, stiffness k2 and damping coefficient c2 are the main consisting components of TMDs. The relevant equation of motion of111






























To acquire optimal control, two fundamental robust optimisation methodsH∞ andH2 are selected. Those methods are com-113
monly used in the design of optimal parameters. Before performing the optimal process, the time domain state space needs to114
be transformed to the Laplace domain state space, which is convenient for obtaining the frequency response information of the115
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For further applications, equation 4 can be rewritten as mass ratio ,  = m2
m1
and two frequency ratios ,  = !2
!1
and  = !
!1
117
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Den Hartog [15] and [34] derived the H∞ optimisation design to the frequency response function (FRF) peak of significant119
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(7)
On the other hand, [12] proposed the H2 robust optimisation method to find the average total energy in a wide frequency121
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(9)
It is noted that theH∞ andH2 optimal frequency and damping ratios have different equation expressions but all of them are a123
function of the mass ratio (TMDmass to main system mass). From this point of view, choosing a different mass ratio can induce124
a different vibration absorption.125
3 ELECTROMAGNETIC DAMPERWITH SHUNT CIRCUIT (EMSD)126
The first part of this section introduces the mechanism of the mechanical system with an EMSD using an impedance shunt127
circuit. The second part of this section explains an alternative type of shunt circuit; an RLC resonant shunt circuit.128
Figure 3 a shows a conceptual diagram of an EMD, which essentially is a linear voice coil motor (LVCM). The ring magnets129
of the EMD are mounted inside the tube shell, which can be metal or nonmetal material. The conductive coil forms the core of130
the EMD. A small gap exists between the magnetic tube shell and the coil, which allows the coil moving in the axial direction131
to cut through magnetic lines within the stroke of the LVCM. Electromagnetic induction will generate an induced electromotive132
force (emf). A typical voltage time history (induced emf) is shown in Figure 3 b. The AC voltage shown corresponds with133



















  (b) Circuit expression of EMD and typical induced electromotive
force
FIGURE 3 Electromagnetic damper (EMD) device with typical generated voltage
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The EMD can be shown as an electrical open circuit. To use the induced current, the EMD circuit needs to be closed. In this135
work, several resistors are first selected to cascade with the EMD as shown in Figures 4 a and 4 b. Next, the shunt circuit is136









































































(d) Circuit expression of
EMD with RLC circuit
FIGURE 4 Electromagnetic damper (EMD) device with impedance and RLC shunt circuits
To perform an analytical study of the EMSD, an impedance shunt circuit is assumed to be connected to an EMD engaging138
































1 1 1k m








(a) SDOF system with EMSD (connecting with impedance)
m1
2
1 1 1k m








(b) SDOF system with EMSD (connecting with RLC)
FIGURE 5 Electromagnetic damper (EMD) device
whereRcoil andLcoil are the resistance and inductance of the EMD.KemN is a machine constant of EMD, which is converted the140
induced current into electromagnetic force. KemV is another machine constant of EMD, which is converted the relative velocity141
into emf. q is a electric charge. It is noted that using the concept of the series-parallel circuit, the total resistance Rcoil + Rload142
can be expressed as R, to simplify the equation. Taking the Laplace transform, the transfer function of the SDOF system with143
EMSD (impedance shunt circuit) can be written as follows:144
X(s)
F (s)
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However, the shunt circuit might also be an RLC circuit. Figure 4 c shows the conceptual diagram of the EMD connected145
to an RLC circuit and Figure 4 d shows its circuit expression. Figure 5 b shows this type of EMSD setup in the horizontal146
direction. The governing equations can be derived as follows:147
[
m1 0































































































In equations 11 and 13, to make the further calculation simple, C , L and R represent total values of capacitor, inductor and152
resistor.153
Meanwhile, papers [37] and [2, 3] observed that the EMD with RLC circuit transfer function can have a coincidental form as154
equation 5; therefore, the equivalent mass ratio eq =
m2,eq
m1
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Performing robust optimisation design of the EMDS (RLC) system, theH∞ mathematical model can reference to [37]. As a157











Otherwise, [2, 3] proposes another common use H2 robust optimisation control method. The corresponding frequency and159









eq,opt = 1 (19)
Papers [37, 2, 3] were given the equivalent peak dynamic amplification factor of EMSD design underH∞ optimisation, which






where the Gopt,eq can be depicted by equivalent mass ratio. Figure 6 shows a plot to describe the equivalent peak dynamic161
amplification factor varied by equivalent mass ratio and capacitance. It can be seen that a higher equivalent mass ratio is to have162
higher capacitance and induce a lower magnitude of the peak amplification factor. This shows the fact that a large mass ratio163
can reduce more dynamic response. In Figure 6 , black triangle marker is the further study (section 7.2) selected mass ratio164
(0.08 %), indeed.165























FIGURE 6 Equivalent peak amplification factor under













































































FIGURE 7 Dimensionless mean square function under
H2 optimisation with  =0.08%






















By substituting equations 18 and 19 into equation 21, Figure 7 shows a contour of the dimensionless mean square objective168
function under H2 optimisation. The cross marker in Figure 7 illustrates a global minimum value when the correlated mass169
ratio in 0.08 %. Then the correlated optimal damping and frequency ratios will be confirmed.170
Both robust optimisation methods were showed that the two types of optimal design ratios are a function of the equivalent171
mass ratio.172
The use of EMSD uses in controlling civil building structure dynamics has had many unknowns and limitations. As a result,173
in this paper, the first step is to determine whether the EMSD is capable of overcoming and dealing with vibration suppression.174
Therefore, the shunt circuits (R series and RLC) are chosen to apply to the system. The following section discusses the EMSD175
application and performs the relative testing on the MRF structure.176
4 DESCRIPTION OF THE LINEAR VOICE COIL MOTOR177
For the purpose of this study, an EMD - Linear Voice Coil Motor (LVCM) GVCM- 095-089-01S06 (by Moticont) was selected,178
as shown in Figure 8 . This kind of electromagnetic actuator is widely used in industrial production lines, whereas it is used179
here as an EMD. This EMD contains three main components: the outside shell of the motor containing ring magnets, the copper180
coil in the middle, and a permanent magnet mounted at the core of the shell case.181
The copper coil is a conductive material. According to electromagnetic induction theory, changing the magnetic flux or cutting182
through the magnetic lines within the magnetic density field represents a relative motion between the magnet and conductor.183
The Eddy current (induced current) and induced electromotive force (emf) can thus be generated.184
Table 1 shows some significant data regarding the LVCM. The previous studies from [37] and [2] mentioned two machine185
constants (force constant and back emf constant) required in the design of the EMSD. The force constant KemN is expressed as186
current converted to force, while the back emf constant KemV represents velocity converted to voltage. The selected LVCM has187
equal values for these two machine constants, 22.2 N/A and 22.2 V/(m/s), respectively.188
The electromagnetic LVCM in this study is used for electromagnetic damping. The EMD force is proportional to the induced189
current, whereas the induced voltage is proportional to the system velocity, as proven by [2]. The other properties of the LVCM190
such as inherent resistance and coil inductance used in the EMSD design process are 3 Ω and 2.1 mH, respectively.191
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(b) Side view of LVCM 
 
FIGURE 8 Electromagnetic linear voice coil motor
Intermittent force 10% duty cycle 351.1 (N)
Continuous force 111.2 (N)
Force constant 22.2 (N/A)
Back EMF constant 22.2 (V/(m/s))
Stroke 63.5 (mm)
Body Mass 4.1 (kg)
Coil resistance 3 (Ohms)
Coil inductance 2.1 (mH)
TABLE 1 Technical characteristics of Linear Voice
Coil Motor (source: adapted from Moticont catalogue -
Linear Voice Coil Motor)
5 ALUMINIUMMOMENT RESISTING FRAME (AMRF) WITH EMD192
The EMD was positioned on the second level of the AMRF structure, as shown in Figure 9 . However, the weight of the EMD193
and its mountings also add to the structural mass, which might change the structural properties and affect the EMSD design. To194























Note: a = width of column 20 mm
          b= thickness of column 6.25 mm
(a) 3D view  (b) Side view 1 (c) Side view 2 (e) Column and connection 
 
FIGURE 9 Diagram of AMRF with LVCM at 2F
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In this work, the EMSD was used for passive control. The activation of the EMD relies on relative motion between the196
conductive coil and the magnets. The conductive coil is attached to the second level of the AMRF, while the magnet is attached197
to the underside of the third level. Figure 10 shows the mounting arrangement. Therefore, when the shear motion occurs in the198
AMRF, the LVCM is activated and moved by the relative movement of the second-third level in one direction.199
 
(a) 3D view   (b) Side view
FIGURE 10 LVCM with mounting stand
5.1 Data acquisition devices and excitation source200
Modal testing was used to obtain the structural properties using a range of sensors. This section introduces the sensors used and201
their setup in the AMRF-EMSD system.202
Figure 11 a shows all the sensors and the LVCM setup. Six Endevco7754A-1000 accelerometers, an ImetrumISM-VG4-PRO203
optical displacement measurement system, and two MTS Model RH-M-0150M-060-1-A01 magnetostrictive position sensors204
were used to measure the acceleration and displacement responses.205
In this study, the Imetrum device was used for measuring the horizontal and vertical displacement on each level, whereas the206
MTS sensors were only mounted on the second and third floors, for monitoring the damper. Using two different types of sensors207
gave a mechanism to verify the measured data accuracy.208
The Endevco accelerometers were set up in the horizontal direction on each level, parallel to the MTS sensors. These gave a209
third method to verify the response of the structure.210
The chosen excitation source was an APS Dynamics Inc. Model 400 electro-sei shaker, as shown in Figure 12 a, connected211
to the underside of the second level via a rigid bar. Two load cells were connected between the APS shaker and the rigid bar,212
and the LVCM and the mounting stand. Entran ELPM-T3M-1.25kN tension and compression type load cells were chosen. The213
measured range of the load cell is within ±1250 N.214
5.2 Modal testing of AMRF with disconnected LVCM215
Figure 12 a shows a photo of the testing setup. A small column was built for mounting the MTS sensors at the second and third216
level, and the magnet rings were mounted on the AMRF.217
Figure 12 b shows the disconnected EMD. The coil core is separate from the magnet, but the weight is still contributing to218
that of the second floor. The magnet tube is connected to the bottom of the third floor via the triangular plate. From this point219
of view, the mass source does not change in case of connecting or disconnecting the LVCM.220
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(b) All data acquisition sensors
FIGURE 11 Aluminium frame with LVCM and all sensors
Once the experimental setup was ready, a random signal was selected to excite the structure. Figure 13 a shows the measured221
frequency response functions (FRFs). The frequency span selected was 0-20 Hz. From the FRFs, it can be seen that the first222
mode frequency is around 1.5-2.0 Hz. The phase angle is also shown in Figure 13 b, which varies between -180 and 180 degrees223
and has negative phase shifts through modes.224
Table 2 shows the first five measured natural frequencies, damping ratio and modal mass, together with the FE calculated225
natural frequencies. The first mode has a frequency of 1.81 Hz, damping ratio of 0.33 % and modal mass of 36.59 kg. This first226
mode will be used to perform the design of the EMSD.227
Mode Number Measured natural
Frequency (Hz)
Damping Ratio (%) Modal Mass (kg)
1 1.81 0.33 36.59
2 4.83 0.35 41.97
3 8.00 0.36 37.64
4 9.86 0.27 74.68
5 12.87 0.18 21.59
TABLE 2 Measured dynamic properties of the six-storey aluminium AMRF with disconnected LVCM at 2F
The measured mode shapes of the structure are shown in Figure 14 . The orange dot of the measured mode shape diagram228
represents the excitation input location, which is on the second floor.229
Using the measured properties, the result of the FRF curve-fit of the second level is shown in Figure 15 . The curve-fitting230
indicates a satisfactory numerical approximation of the structural dynamics. The modal properties will be used to implement231
the design process of the EMSD in the next section.232
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(b) Photo zoom in of AMRF with disconnected LVCM



























FIGURE 13 Dynamic response of AMRF with disconnected LVCM at 2F
5.3 Design methodology of two categories EMSD233
For performing the EMSD design to multi-degree-of-freedom (MDOF) system, the concept of the mode decomposition method234
[14, 13] is necessary to introduce in this subsection. The mode decomposition method is the use of system eigenmode vector to235
transform the simultaneous equations of the MDOF system into a series of independent equations with only one variable. These236
independent equations with only one variable are essentially multiple equations of motion of single-degree-of-freedom (SDOF)237
system. In this way, each SDOF system response can be solved conveniently. Finally, applying the superposition technique to238
the response of these SDOF systems, the final response of the original MDOF structure is to be achieved. Therefore, the mode239
decomposition method is used for MDOF system.240
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FIGURE 15 Curve-fitting of AMRF with disconnected LVCM at 2F
In a linear MDOF system, the equation of motion can be written as:241
MẌ + CẊ +KX = F (t) (22)
where M , C and K are system mass, damping and stiffness matrices. F is the excitation matrix. The mode shapes of free242
vibration is a method of representing displacement, and these mode shapes constitute n independent displacement matrix, for243




iZi, then substituting into the equation 22, which is given by:244
MZ̈ + CŻ +KZ = F (t) (23)
MultiplyingT on both sides of the equation 23 and applying the mode shapes orthogonality to mass and stiffness matrices,245
then the equation of motion can be rewritten as:246
M∗Z̈ + C∗Ż +K∗Z = F ∗ (t) (24)












i (t) = 
T
i F (t). Hence,247
the simultaneous motion equation of a MDOF system can be completely transformed into multiple SDOF equations of motion,248
which is given by:249




i Zi = F
∗
i (t) (i = 1,⋯ n) (25)
By using the equation 25 and the results of model testing in subsection 5.2, Figure 16 is shown the second floor FRF and250
regenerated FRF based on the measured data, measured FRF and mode decomposition estimation.251






















FIGURE 16 Mode decomposition method curve fitting of AMRF with disconnected LVCM at 2F
From this point of view, the mode decomposition estimated FRF curve has almost consistent result as the measured FRF.252
Consequently, the mode decomposition method is effectively applied to theMDOF system and used to calculate the mode shapes253
analytically.254
5.3.1 Design methodology of EMSD using impedance shunt circuit255
Using structure mode shapes from the results of the modal testing or mathematical modal analysis to calculate the sum of the256
work of all dampers and find out the corresponding elastic strain energy. The effective damping ratio calculation of VDs can be257
easily extended from the SDOF to MDOF system.258
The strain energy design method [18, 17] for viscous dampers was used for the calculation of the effective damping, as shown259
in equation 2. This method can also be applied to determine the equivalent damping ratio of the EMSD with impedance shunt260
circuit. The magnitude of induced voltage can be calculated by multiplying the voltage machine constant and velocity, as shown261
in equations 10 and 12. The resultant electromagnetic force is presented as follows [2]:262
FemN = Fem,total = KemN i (26)
Through the use of Ohm’s law, it is not difficult to determine that the updated resultant EMSD damping force can be expressed263





From the above equation, it can be seen that the updated resultant EMSD damping force is also proportional to the velocity.265
When compared with the viscous damping force in equation 1 it can be seen that they have a similar expression. Based on this,266





To calculate the equivalent damping ratio of the EMSD with impedance shunt circuit, equation 28 is used instead of Cj of268



























Once the structural properties were confirmed, the equivalent damping ratio is proportional to the coefficient of KemNKemV
R
.270
Also, when the LVCM selected, machine constants will not change; therefore, the equivalent damping ratio is inverse proportion271
to resistance R. Based on the design purpose, in this study wants to add additional 1.35 % damping to improve the structure272
dynamics. Using the equation 29, the resistor can be determined to the value of 0.3 Ω for the shunt circuit design. Otherwise,273
this study also selected different resistors to verify the EMSD concept, which will be discussed in subsection 6.1.274
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5.3.2 Design methodology of EMSD using RLC shunt circuit275
When the LVCM parameters were found, equations 16 and 17 (H∞ optimisation) and equations 18 and 19 (H2 optimisation)276
can be used for determining optimal damping and frequency ratios for EMSD using RLC shunt circuit, but these equations are277
only applicable to SDOF system. Most structures are MDOF systems, so a more general form is needed to describe the dynamic278
behavior of a structural system during subjected to external excitation. In previous content of this section was mentioned the279
mode decomposition method. This could apply to the design of the EMSD (RLC shunt circuit) in MDOF system. Substituting280
of mass, stiffness and damping into modal mass, modal stiffness and modal damping, then the equivalent mass ratio for MDOF281





In this study, the first mode of the structure dynamics is selected to verify the vibration suppression; therefore, theM∗i of the283
equation 30 can replace toM∗1 , in which 1 represents the first mode. Also, to select the correlated EMSD RLC optimal circuit284
components forH∞ andH2 optimisation, the proposed formulae from papers [2, 3] need to be rewritten as follows:285

















TABLE 3 RLC optimal circuit components design formulae of the EMSD usingH∞ andH2
From the section 3 can be known that the equivalent mass is a function of capacitance. When the capacitance value is286
determined, the other components will be confirmed. It can be seen that the capacitance is the main design influence parameter.287
6 EXPERIMENTAL VALIDATION288
This section presents experimental studies of R and RLC shunt circuits applied to the AMRF structure to evaluate their perfor-289
mance in light of the previous analytical studies. Figure 17 shows the LVCM set up between the second and third levels. The290
conductive coil is now located inside the magnet tube and the displacement of the coil relative to the magnets is equal to the291
difference in displacement between the second and third floors.292
6.1 EMSD using impedance shunt circuit293
In the first set of experiments, the LVCM (EMD) coil is connected in turn to a number of different impedance circuits, as shown294
in Figure 18 a. The values of the resistors selected are 0.3Ω (original design), 5.6Ω, 10Ω, 22Ω, 39Ω and 1000Ω. The inherent295
resistance of the EMD coil is 3 Ω. This means that the total resistance is the sum of the shunt and inherent resistances together.296
Figures 19 and 20 show the FRFs between the excitation and the second and sixth levels under a random excitation signal.297
The disconnected LVCM is included where the conductive coil and magnet tube are disconnected. The open circuit represents298
the case where the LVCM is connected, but the terminals are not connected to a shunt circuit. The closed circuit refers to the299
case where the terminals are directly connected to each other without a shunt circuit.300
From the FRF curves, the lower resistances demonstrate a better reduction, particularly in the case of the closed circuit. The301
highest value of the resistance, 1000 Ω in this study, has almost no damping effect. From the FRF responses, it can be seen that302
the EMSD with impedance shunt circuit increases the system damping in a manner which is dependent on the shunt resistance.303
The mode shapes of the structure with the LVCM installed with the 0.3 Ω impedance shunt circuit are shown in Figure 21 .304
It is noted that the different shunt circuits tested have a similar mode shapes.305
A chirp signal was selected next to excite the system. This input sweeps through a range from 1.5-2.5 Hz, to cover the first306
mode of vibration.307
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FIGURE 17 Photo of AMRF with LVCM
connected
(a) Photo of impedance series
circuit (b) Photo of RLC circuit













































FIGURE 19 Sixth floor FRFs of AMRF with EMSD connected and using different shunt impedance circuits
Figure 22 shows the FRF curves at the sixth and second levels under the chirp signal input. These results also show that308
better damping effect is achieved for lower resistances.309
The purpose of the EMSD system is to generate electromotive force (emf) via electromagnetic induction, and then the induced310
current can be retrieved flowing through a shunt circuit to provide a damping effect to the system. The different shunt circuits311
provide different damping effects (or filtering effects). The emf time history is shown in Figure 23 for the range of impedance312
circuits tested.313
The generated emf relies on the relative motion between the conductive coil and magnet tube, i.e. on the storey shear motion.314
From Figure 23 it can be seen that the 1000 Ω resistance produces the highest induced emf, whereas the 0.3 Ω resistance315
produces a lower induced emf. For each value of resistance, the induced current is given by I = V
R
, i.e. the emf divided by316
the resistance of the shunt circuit and LVCM together. Time histories of the induced currents are shown in Figure 24 for the317
various shunt circuits.318
Since the damping force is a function of the induced current, it is expected that higher currents will result in higher damping319
forces. This is evident from Figure 25 which shows greater damping force from the 0.3 Ω shunt circuit than the 1000 Ω shunt320
circuit. It is noted that the EMSD using a 0.3 Ω for the shunt circuit has a damping force of approximately 20 N. This is321
associated with the requirements of dynamic behaviour control of the AMRF. In comparison with VD, a model 1x2D D-series322






























































FIGURE 20 Second floor FRFs of AMRF with EMSD connected and using different shunt impedance circuits
FIGURE 21 Mode shape of AMRF with LVCM (0.3 Ω shunt circuit) between 2F and 3F
linear damper of the Taylor devices inc. [1] (smallest size specification) could use to compare, which dimension fits the space323
between 2nd and 3rd floors and has output force in 2000 N. Indeed, a higher damping force could reduce more dynamic response.324
However, the damping value from VD is too high in this application, which does not meet the design requirement of adding325
1.35 % additional damping. Also, this research is to find a feasible alternative solution to replace the traditional damping, so the326
EMSD impedance circuit was developed. From the results of the principle and experiment, the EMSD damping force can be327
enhanced as similar grade as VD by choosing higher machine constants, higher-grade magnet, a better electrical conductivity328
of the conductor and connect lower values of resistance or negative resistance, but the establishment of negative resistance is329
not included in this study.330
To further compare the controlling effect of the EMSD with impedance shunt circuit, Figures 26 a and 26 b shows the peak331
acceleration and displacement for each level of the AMRF. Overall, the acceleration and displacement plots indicate that both332
experience a reduction following connection of the EMSD.333
When compared with the disconnected LVCM, the closed circuit with lower resistance values (e.g. 0.3 Ω) produces a sig-334
nificant reduction in displacement and acceleration; approximately 63 % and 64 %, respectively. In this experimental study, the335
1000Ω resistance gives reductions of only 29 % for displacement and 31 % for acceleration. This is expected since the generated336
current is low.337
Figure 26 c shows the inter-storey drift ratios comparison. It can be seen that the maximum drift ratio of the disconnected338
LVCM between the first and second and second and third levels are 4.95 % and 5.17 %. After the installation of the impedance339















































(b) 2F FRF curves
FIGURE 22 Dynamic response under chirp signal input of AMRF with EMSD using different shunt impedance circuits
 
 
FIGURE 23 Induced emf time history under chirp signal
input of AMRF with EMSD using different R shunt circuits
 
 
FIGURE 24 Induced current time history under chirp signal


















(b) 1000 Ω shunt circuit
FIGURE 25 The measured damping force time history of the EMSD using R shunt circuit
shunt circuits, the closed circuit is able to reduce the drift ratios to 1.998 % and 1.67 %, respectively. The 0.3Ω resistance circuit340
results in a drift ratios of 1.98 % and 1.72 %, respectively. However, the 1000 Ω resistance circuit only produces 3.25 % and341
3.85 %, respectively, which is relatively a small reduction.342
Figures 27 , 28 and 29 show two types of different hysteresis loops. The first is the relation between damper force and343
displacement, and the other is the relation between damper force and induced voltage. If the damper behaves linearly, the relation344
of force and displacement is represented by a smooth elliptical shape. The force and induced voltage should have a linear345
proportional relationship.346
The results of the hysteresis loops show that the shapes are not elliptical and linear, which suggests nonlinear behaviour is347
occurring in the system. It can be seen that the shape of the hysteresis loop in Figure 27 (tuned off EMSD) is close to 1000 Ω348
case, which represents the nonlinearity happened in the damper system itself. This nonlinearity might be due to different reasons.349
One possible cause might be friction; either friction between the coil and magnet assembly or air friction. From observation of350
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(b) Relative peak displacement
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FIGURE 26 Relative peak acceleration and displacement and inter-storey drift of each level using R shunt circuit (picking the
time step of maximum response of the 6F)
the data, the 0.3 Ω resistance case might be approximated as a quasi-linear effect. This could be because of the relatively small351
displacement between the conductive coil and magnet tube. The 1000 Ω resistance case exhibits obvious nonlinear behaviour,352
as evidenced by the distorted shapes of the hysteresis loops.353
Despite the fact that there appears to be friction in this application, the damping effect of the EMSD using impedance shunt354
circuits can also achieve a significant reduction in response.355
6.2 EMSD using RLC resonant shunt circuit356
Figure 18 b showed the experimental setup of the RLC circuits. It is noted that the RLC resonant shunt circuit is based on357
two commonly used robust and optimised designs; H∞ and H2. Substituting equation 30 into eq of equations 16 to 19, the358
corresponding optimal circuit components are selected in Table 4 .359
In the experimental work, the equivalent mass ratio selected (0.08 %) dictates the required magnitude of the capacitor. A non-360
polarised capacitor, rated at 640 F, was used for the work. According to the optimal design, the inductor is slightly different361
for theH∞ andH2 designs. In practice, the same value (12000 mH) is used in both cases. The ideal values for the capacitor and362
inductor are higher than those generally available from electronics suppliers; therefore, they were custom-ordered, with a 10%363
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FIGURE 27 Hysteresis relation for shear
force and relative displacement under chirp
signal input to the AMRF with EMSD using
open shunt circuit
(a) Relation between shear force
and relative displacement
(b) Relation between shear force
and induced voltage
FIGURE 28 Hysteresis relation for shear force, relative displacement and
induced voltage under chirp signal input to the AMRF with EMSD using
0.3 Ω shunt circuit
(a) Relation between shear force and relative
displacement
(b) Relation between shear force and induced
voltage
FIGURE 29 Hysteresis relation for shear force, relative displacement and induced voltage under chirp signal input to the
AMRF with EMSD using 1000 Ω shunt circuit
margin of error, directly from the manufacturer. The different optimal designs had different requirements in terms of resistance:364
H∞ was 1.83 Ω andH2 is 0.94 Ω. In practice, resistors of 1.8 Ω and 1 Ω, respectively, were used.365
Once the circuit components were set up, a random input was selected to excite the structure. Figures 30 and 31 show the366
FRF curves for the sixth floor and second floor.367
The FRF results show that the H∞ and H2 performances do not have the equivalent TMD double-peak feature. The FRF368
curve seems to have a normal shunt damping effect. This outcome might be due to unexpected friction, nonlinearity between the369
LVCM and the mounting connection, or alternatively the fabrication of circuit components producing a de-tuning effect in the370
structural response. Even though the EMSD using RLC does not accomplish the original design expectation, the shunt damping371
effect does assist in improving the response of the structure.372
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(Equivalent) mass ratio (%) 0.08
Single control Capacitor (F) Inductor(mH) Resistor (Ω)
H∞ 640 12085 1.83
H2 640 12080 0.94










































































































































FIGURE 31 2F FRFs of AMRF with EMSD connected and using different RLC shunt circuits
A chirp signal was next applied to the structure to quantify the controlling effect. The frequency range of the chirp signal is373
from 1.5 Hz to 2.5 Hz to excite the first mode. Figure 32 shows the FRF curves for the sixth and second levels. It can be seen374
thatH∞ andH2 show a slight reduction in the first mode frequency.375
The EMSD system relies on use of induced voltage. Figure 33 shows the induced voltage time history. If the induced voltage376
is high, this implies low current and hence damping force, which is the reason on the H∞ and H2 RLC shunt circuits produce377
only a small damping contribution. In this case it is most likely due to detuning of the RLC circuit caused by nonlinear behaviour378
of the EMSD system.379
To further monitor the output force of the EMSD using the RLC shunt circuit, Figure 34 shows theH∞ andH2 RLC circuit380
damper force time histories. The results show that the output force is close to that of the 1000 Ω resistance shunt circuit, which381
means thatH∞ andH2 are not providing the optimal response but only providing a small shunt damping contribution.382




































































(b) 2F FRF curves
FIGURE 32 FRFs under chirp signal input to the AMRF with EMSD using different RLC shunt circuits
 
 


















(b)H2 RLC shunt circuit
FIGURE 34 Output damping force time history of the EMSD using RLC shunt circuit
Figures 35 a and 35 b show the peak acceleration and displacement. It can be seen that theH∞ andH2 RLC circuits produce383
a slight reduction.384
Figure 35 c shows the inter-storey drift. It can be seen that the maximum drift ratio occurs at the second and third level for385
disconnected LVCM, which is around 4.5-5.0 %. After installing the RLC shunt circuit, this ratio decreases to less than 4 %.386
Other levels also have different reduction ratios. From this point of view,H∞ andH2 also help to improve the structural response;387
however, the magnitude might not be ideal, as the uncertain nonlinearity creates detuning of the equivalent TMD.388
Figures 36 a and 37 a show the hysteresis loops of the damper force and displacement, which exhibit a non-elliptical shape.389
This may be due to nonlinear effects within the system.390
Figures 36 b and 37 b show the damper force and induced voltage relationship; the ideal relation being proportionally linear.391
However, the results show nonlinear outcomes. The shape of the hysteresis loop and non-proportional relationship suggest the392
optimal design formula, only fits a linear system and does not fit this non-linear system.393
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(b) Relative peak displacement
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FIGURE 35 Relative peak acceleration and displacement and inter-storey drift for each level using RLC shunt circuit
7 PERFORMANCE EVALUATION394
7.1 VD and EMSD using impedance shunt circuit395
In the EMSD application using the impedance shunt circuit, it is conceded that the nonlinearity of the damping system affects its396
performance. This means that the experimental study result is not the same as that predicted. To understand the influence of the397
nonlinearity, this subsection compares the FRF curves and evaluates the magnitude of designed damping versus the experimental398
EMSD shunt damping.399
Curve-fitting of the FRF of the AMRF with disconnected LVCM gives a good estimate of the equivalent viscous damping ,400
as evidenced by the regenerated FRF. Figure 38 also shows the FRFs corresponding with the closed circuit, 0.3 Ω and 1000 Ω401
shunt circuits connected to the EMSD.402
Ideally, the designed andmeasured FRF curves should be almost identical. FromFigure 38 it can be seen that the designed and403
measured FRFs of the lower resistances (closed circuit and 0.3Ω) have only a slight difference, which is deemed to be acceptable.404
However, the 1000 Ω case has a large difference. The original design shows no controlling effect, while the measurement of the405
1000 Ω case reveals a visible reduction in response; indicating that the 1000 Ω circuit still provides some damping effect. To406
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(a) Relation between shear force and relative
displacement
(b) Relation between shear force and induced
voltage
FIGURE 36 Hysteretic relationship of shear force, relative displacement and induced voltage under chirp signal input to the
AMRF with EMSD usingH∞ RLC shunt circuit
(a) Relation between shear force and relative
displacement
(b) Relation between shear force and induced
voltage
FIGURE 37 Hysteretic relationship of shear force, relative displacement and induced voltage under chirp signal input to the
AMRF with EMSD usingH2 RLC shunt circuit
quantify the equivalent damping ratio between the designed and measured values, Table 5 illustrates the measured damping407
ratio for the open, closed and each impedance shunt circuit, based on curve-fitting of the measured FRFs.408
In Table 5 it is assumed that the strain energy effective damping of the EMSD (impedance shunt circuits) is the sum of the409
designed damping and the EMD inherent damping. This is because the measured damping ratio of the EMSD is always higher410
than that of the original design. The EMSD using impedance shunt circuits adds even more damping to the system. Hence, this411
result suggests the presence of friction or other source of additional damping.412














(a) Closed circuit (b) 0.3 Ω (c) 1000 Ω
FIGURE 38 FRF comparison of the EMSD (impedance shunt circuit) between measured results and simulated design
Disconnected
LVCM
Open circuit Closed circuit 0.3 Ω 5.6 Ω 10 Ω 22 Ω 39 Ω 1000 Ω
Strain energy effective damping
Damping ratio of EMSD R shunt circuit
(equivalent VD damping) (%)
N/A N/A 1.49 1.35 0.35 0.34 0.18 0.11 0.00
Model testing curve fitting results
Overall damping ratio of AMRF with
EMSD R shunt circuit(%)
0.33 1.64 3.47 3.37 2.38 2.11 1.91 1.82 1.70
Equivalent damping ratio of EMSD R
shunt circuit (%)
1.83 1.73 0.74 0.47 0.27 0.18 0.06
TABLE 5 Comparison of damping ratio between designed damping (equivalent VD damping) and measured damping of the
EMSD using impedance shunt circuit
VDs have some potential application problems including viscous liquid leakage issues, and it is not feasible to adjust the413
magnitude of the damping after installation. However, an EMSD with an impedance shunt circuit might overcome these prob-414
lems, because the shunt damping relies on the contribution of the circuit components. The magnitude of the EMSD damping415
can easily be adjusted by changing the value of resistance. The designed value of resistance can be used to match the design416
requirement conveniently. This concept could avoid replacing the whole damper after discovering functioning non-optimally or417
if tuning of the damper is desirable, e.g. to achieve optimum damping of a TMD device.418
7.2 TMD and EMSD using RLC resonant shunt circuit419
The previous section discussed the performance and evaluation of equivalent viscous damping of an EMDwith impedance shunt420
circuit. However, the predicted performance of the EMSD (RLC circuit) design is similar to that of an equivalent TMD. In this421
section, the same AMRF structure is used to evaluate the performance ofH∞ andH2 RLC resonant shunt circuit designs.422
The simulated FRFs of the TMD and EMSD using RLC shunt circuits in the frequency domain are shown in Figure 39 . It423
can be seen that irrespective ofH∞ andH2 optimal design, they have similar equivalent TMD two lower-peak features.424
However, in the experimental application, the H∞ and H2 EMSD designs do not have these symbolic features. The result425
of the EMSD using RLC shunt circuit only provides typical shunt damping. Even though the shunt damping provides greater426
response reduction, the result reveals that the dynamic performance is not the same as was calculated. This de-tuning effect427
could be due to a lot of possible reasons. One of the significant issues is the friction which occurs in the fabrication of the428
LVCM. Moreover, the nominal values of the circuit components have different manufacturer error margins, which might lead429
to the design of the EMSD failing to perform in an optimal manner, which is worse than the nonlinearity influence.430
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(a)H∞ RLC circuit (b)H2 RLC circuit
FIGURE 39 FRF comparison of measured results and simulated design results for EMSD using RLC shunt circuit
8 DISCUSSION AND CONCLUSIONS431
In this application, the main objective and new contribution were to investigate the effects of connecting an electromagnetic432
damper (EMD) with a series of shunt circuits (EMSD). For evaluating the previous findings (novelH∞ andH2 robust optimal433
design formulae) from author study [2, 3], a linear voice coil motor was used as an electromagnetic damping device to extent the434
study practically. A simple impedance shunt circuit was connected to the EMDwith in a laboratory scale frame. The experimental435
results show that connecting a low value of resistance achieves a better control performance.436
The performance of the linear EMSD using an impedance shunt circuit is similar to that of a VD. This type of EMSD design437
framework was presented through the MDOF strain energy method. The benefit of this shunt damper is the ease with which the438
damping value can be changed, simply by adjusting the magnitude of the resistor. Modifying the value of impedance to match439
the control target is more convenient than changing the whole damping system, such as in the case of a VD. This type of EMSD440
damper does not suffer any liquid leakage problems, and hence has low associated maintenance costs.441
When the EMD is connected to an optimally designed RLC oscillating shunt circuit with an MDOF system, the correlated442
mode decomposition technique was used, and the modified optimal design formulae were proposed to cope with the MDOF443
system design scheme. Theoretically, the dynamic performance should be the same as that of an equivalent TMD. However, the444
experimental results did not show the expected performance. The EMSD has a de-tuning effect in comparison with the TMD,445
which might derive from some nonlinear behaviour of the damper. Even though the controlling results had more reduction, the446
nonlinearity might be against the damper original design and could not have well response prediction of the damper dynamics.447
The identification of this nonlinearity was briefly demonstrated the occurrence of a nonlinearity. However, further experi-448
mental studies are needed to verify the possible causes of this.449
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